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DESCRIPTION 



SECONDARY BATTERY 



Technical Field 



[0001] 



The present invention relates to a secondary battery* 



and, specifically, to improvements in the discharge 
characteristics of the secondary battery due to improvements 
in a porous electron- insulating layer adhered to an electrode 
surface . 

Background Art 
[0002] 



electrode, a negative electrode, and a separator sheet 
interposed therebetween. The separator sheet performs the 
functions of electronically insulating the positive electrode 
from the negative electrode, and holding an electrolyte. For 
example, conventional lithium-ion secondary batteries often 
include a micro -porous film, made of polyolefin, as the 
separator sheet. Also, a separator sheet comprising a 
polyolefin resin and an inorganic powder, or the like has been 
proposed (see Japanese Laid-Open Patent Publication No. Hei 
10-50287). Such a separator sheet is usually produced by 
drawing a resin sheet that is obtained by a molding method. 



Secondary batteries typically include a positive 
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such as extrusion* 
[0003] 

Recently, to improve the quality of secondary 
batteries, there has been a proposal to adhere a porous 
electron -insulating layer to an electrode surface (see 
Japanese Patent No. 3371301), The porous electron- insulating 
layer is formed on an electrode surface by applying a slurry 
comprising a particulate filler and a resin binder onto the 
electrode surface and drying the applied slurry with hot air. 
Although the porous electron- insulating layer is used as an 
alternative to a conventional separator sheet in some cases, 
it is used in combination with a conventional separator sheet 
in other cases. 
[0004] 

The slurry comprising a particulate filler and a 
resin binder is usually prepared by mixing a particulate 
filler and a resin binder with a liquid component, and evenly 
dispersing the particulate filler in the liquid component by 
means of a dispersing device, such as a bead mill. As 
schematically shown in FIG. 3, a conventional particulate 
filler is composed mainly of spherical or substantially 
spherical primary particles 31, and a plurality of the primary 
particles 31 gather by weak van der Waals forces to form an 
agglomerated particle 30. 
[0005] 

Conventionally, in terms of stabilizing the 
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thickness and void ratio (porosity) of the porous electron- 
insulating layer, efforts have been made to break down the 
agglomeration of primary particles as much as possible by 
means of a dispersing device, such as a bead mill, in order to 
evenly disperse independent primary particles in a liquid 
component (see Japanese Laid-Open Patent Publication No, Hei 
10-106530 (FIG. 2)). 

Disclosure of the Invention 

Problem That the Invention Is to Solve 

[0006] 

When the porous electron-insulating layer is formed 
by applying a slurry in which mutually independent, spherical 
or substantially spherical primary particles are evenly 
dispersed onto an electrode surface and drying it with hot air, 
short-circuit or other problems in battery production are 
improved. However, mutually independent primary particles are 
likely to be filled into the porous electron -insulating layer 
at high densities, so that the porosity of the porous 
electron -insulating layer tends to lower. As a result, such 
secondary batteries have problems in that their high- rate 
charge /discharge characteristics and charge/ discharge 
characteristics in a low temperature environment tend to 
become insufficient. 
[0007] 

On the other hand, for example, the power source of 
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cellular phones or notebook computers requires a considerable 
degree of high-rate charge/discharge characteristics and 
charge/discharge characteristics in a low temperature 
environment. Thus, application of conventional secondary 
batteries to the power source of such devices becomes 
difficult in some cases. Particularly in a low temperature 
environment at 0*C or lower, the charge /discharge 
characteristics of conventional secondary batteries may lower 
markedly. 
[0008] 

In view of the above, an object of the present 
invention is to improve the high-rate charge/discharge 
characteristics and low- temperature -environment 
charge/discharge characteristics of a secondary battery in 
which a porous electron -insulating layer is adhered to an 
electrode surface to improve battery safety. 

Means for Solving the Problem 
[0009] 

The present invention relates to a secondary battery 
including: a positive electrode; a negative electrode; a 
porous electron -insulating layer adhered to a surface of at 
least one selected from the group consisting of the positive 
electrode and the negative electrode; and em electrolyte. The 
porous electron -insulating layer comprises a particulate 
filler and a resin binder, and the particulate filler 
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comprises an indefinite -shape particle comprising a plurality 
of primary particles that are Joined to one another. As used 
herein, "indefinite -shape" refers to shapes having knots, 
bumps, or bulges based on the primary particles, that is, for 
example, shapes like dendrite, grape clusters or coral, unlike 
shapes that are spherical or egg-shaped, or that are similar 
to such shapes. 
[0010] 

A neck is preferably formed between at least a pair 
of the primary particles that are joined to one another and 
that form the indefinite -shape particle. Specifically, the 
indefinite- shape particle is formed by partially melting a 
plurality of primary particles for bonding, for example, by 
heat treatment. The neck is formed when primary particles are 
bonded to one another by diffusion. It should be noted that a 
particle having a neck that is not clearly discemable due to 
sufficient progress of diffusion bonding can also be used as 
the indefinite-shape particle. 
[0011] 

Preferably, the indefinite- shape particle has a mean 
particle size that is twice or more than twice the mean 
particle size of the primary particles and not more than 10 Mm. 
More preferably, it has a mean particle size that is three 
times or more than three times the mean particle size of the 
primary particles and not more than 5 Mm. Also, the primary 
particles preferably have a mean particle size of 0.05 to 1 Mm. 
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[0012] 

The Indefinite -shape particle preferably comprises a 
metal oxide. In this case, the particulate filler can further 
comprise a resin fine particle, such as a polyethylene fine 
particle . 

The resin binder contained in the porous electron- 
insulating layer preferably comprises a polyacrylic acid 
derivative . 
[0013] 

When the present invention is applied to a 
lithium ion secondary battery, it is preferred that the 
positive electrode comprise a composite lithium oxide and that 
the negative electrode comprise a material capable of charging 
and discharging lithium. Also, it is preferred to use a non- 
aqueous electrolyte comprising a non-aqueous solvent and a 
lithium salt dissolved in the non-aqueous solvent as the 
electrolyte . 
[0014] 

The secondary battery of the present invention can 
further comprise a separator sheet independent of both the 
positive electrode and the negative electrode. The separator 
sheet may be a conventional separator sheet such as a micro- 
porous film made of polyolefin, without any particular 
limitation. 



Effects of the Invention 
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[0015] 

The indefinite -shape particles according to the 
present invention each comprise a plurality of primary 
particles that are joined to one another. Thus, they do not 
easily become separated into independent primary particles, 
unlike agglomerated particles comprising a plurality of 
primary particles that gather by van der Waals forces. The 
use of such indefinite- shape particles prevents a particulate 
filler from being filled into a porous electron- insulating 
layer at high densities. Therefore, it becomes possible to 
easily form a porous electron- insulating layer with a porosity 
much higher than the conventional one, thereby enabling a 
significant improvement in the high-rate charge/discharge 
characteristics and low- temperature -environment 
charge/ discharge characteristics of secondary batteries. 
[0016] 

The indefinite -shape particles each comprising a 
plurality of primary particles that are joined to one another 
have complicated three-dimensional structures. Thus, in 
forming the porous electron-insulating layer, the interaction 
of the indefinite -shape particles is considered to prevent the 
particulate filler from being filled at high densities. 
[0017] 

The indefinite- shape particles each comprising a 
plurality of primary particles that are joined to one another 
can maintain their shapes with a high probability even if they 
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care subjected to a strong shearing force by a dispersing 
device in a step of dispersing them in a liquid component to 
form a slurry. Hence, a porous electron- insulating layer with 
a high porosity can be formed stably. 
[0018] 

Also, the present invention can provide a secondary 
battery that is excellent in high-rate charge/discharge 
characteristics , low- temperature -environment charge/discharge 
characteristics, and safety at low costs. 

Brief Description of Drawings 
[0019] 

FIG. 1 is a schematic view of indefinite- shape 
particles each comprising a plurality of primary particles 
that are joined to one another according to the present 
invention; 

FIG. 2 is a scanning electron microscope (SEM) photo 
of a porous electron -insulating layer according to one example 
of the present invention; 

FIG. 3 is a schematic view of a conventional 
particulate filler; and 

FIG. 4 is an SEM photo of a porous electron- 
insulating layer according to one comparative example of the 
present invention. 

Best Mode for Carrying Out the Invention 
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[0020] 

A secondary battery of the present invention 
includes a positive electrode, a negative electrode, a porous 
electron -insulating layer adhered to a surface of at least one 
electrode selected from the group consisting of the positive 
electrode and the negative electrode, and an electrolyte. 
While the present invention is preferably applied to lithium- 
ion secondary batteries, it is also applicable to other 
various secondary batteries, for example, alkaline storage 
batteries . 
[0021] 

The present invention includes all the cases where 
the porous electron-insulating layer is interposed between the 
positive electrode and the negative electrode. Specifically, 
the present invention includes a case where the porous 
electron-insulating layer is adhered only to a positive 
electrode surface, a case where it is adhered only to a 
negative electrode surface, and a case where it is adhered to 
both a positive electrode surface and a negative electrode 
surface. Also, the present invention includes a case where 
the porous electron- insulating layer is adhered only to one 
side of the positive electrode, a case where it is adhered to 
both sides of the positive electrode, a case where it is 
adhered only one side of the negative electrode, and a case 
where it is adhered to both sides of the negative electrode. 
[0022] 
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The porous electron- insulating layer comprises a 
particulate filler and a resin binder, and the particulate 
filler comprises indefinite -shape particles each comprising a 
plurality of primary particles (e.g., about 2 to 10 particles, 
preferably 3 to 5 particles) that are joined to one another. 
FIG. 1 schematically shows exemplary indefinite -shape 
particles. Indefinite- shape particles 10 each comprise a 
plurality of primary particles 11 that are joined to one 
another, and a neck 12 is formed between a pair of the primary 
particles that are joined to one another. Generally, primary 
particles are composed of single crystal, so the indefinite- 
shape particles 10 are inevitably polycrystalline particles. 
That is, the indefinite -shape particles are polycrystalline 
particles, and the polycrystalline particles each comprise a 
plurality of primary particles that are bonded by diffusion. 
[0023] 

The indefinite -shape particles each comprising a 
plurality of primary particles that are joined to one another 
can be produced, for example, by heating a conventional 
particulate filler, i.e., a particulate filler comprising 
mutually independent primary particles or agglomerated primary 
particles by van der Waals forces, so as to partially melt the 
primary particles and bond the primary particles to one 
another. The indefinite -shape particles thus obtained are not 
easily disintegrated into independent primary particles even 
upon application of a shearing force thereto. 
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[0024] 

It should be noted that even if a mechanical 
shearing force is applied onto a conventional particulate 
filler, it is difficult to join a plurality of primary 
particles to one another. Also, it has been confirmed that 
even if primary particles are agglomerated by using a binder, 
the primary particles become separated into independent 
primary particles upon preparation of a slurry. 
[0025] 

While the porous electron- insulating layer also has 
an action similar to that of a conventional separator sheet, 
it is largely different in structure from a conventional 
separator sheet. Unlike a micro-porous film that is obtained 
by drawing a resin sheet or the like, the porous electron- 
insulating layer has a structure in which particles of a 
particulate filler are bonded together with a resin binder. 
Therefore, the tensile strength of the porous electron- 
insulating layer in the plane direction thereof is lower than 
that of a separator sheet. However, the porous electron- 
insulating layer is superior in that even upon exposure to 
high temperatures, it does not shrink due to heat, unlike a 
separator sheet. In the event of an internal short-circuit or 
upon exposure of a battery to high temperatures, the porous 
electron -insulating layer has the actions of preventing 
expansion of the short-circuit, preventing abnormal heating, 
and enhancing the safety of the secondary battery. 
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[0026] 

The porous electron -insulating layer has pores 
through which a suitable amount of non-aqueous electrolyte is 
passed. In a secondary battery with an electrode having a 
porous electron -insulating layer adhered to the surface, the 
large current behavior thereof in a low temperature 
environment, for example, the discharge characteristics at a 
current value of 2 hour rate (2C) in a 0X2 environment depend 
on the porosity of the porous electron -insulating layer (the 
ratio of the pore volume to the porous electron -insulating 
layer) . 
[0027] 

The porosity of the porous electron -insulating layer 
can be measured, for example, in the following manner. 

First, a particulate filler, a resin binder, and a 
liquid component are mixed together to prepare a slurry of raw 
materials for a porous electron- insulating layer. The liquid 
component is selected as appropriate, depending on the kind, 
etc., of the resin binder. For example, an organic solvent, 
such as N-methyl-2-pyrrolidone or cyclohexanone , or water can 
be used. The dispersing device used for preparing the raw 
material slurry is preferably a device capable of applying a 
shearing force such that the indefinite -shape particles are 
not disintegrated into primary particles. Preferable examples 
include, but are not limited to, a medialess dispersing device 
and a bead mill with mild conditions. 
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[0028] 

The resultant slurry is passed through a filter of a 
suitable mesh size. It is then applied onto a base material 
made of, for example, metal foil so as to achieve a 
predetermined thickness with a doctor blade, followed by 
drying. The film formed on the base material is thought to 
have the same structure as that of the porous electron - 
insulating layer adhered to the electrode surface. Thus, the 
porosity of the film formed on the base material can be 
regarded as the porosity of the porous electron-insulating 
layer. 
[0029] 

The porosity (P) of the film formed on the base 
material can be obtained based on the apparent volume (Va) and 
the true volume (Vt) of the film, i.e., from the calculation 
formula: P(%)= {lOOX (Va-Vt ) } /Va. 
[0030] 

The apparent volume Va of the film corresponds to 
the product (SXt) of the thickness (T) of the film and the 
upper surface area (S) of the film. Also, the true volume 
(Vt) of the film can be calculated from the weight (W) of the 
film, the true density (Df ) of the particulate filler, the 
true density (Db) of the resin binder, and the weight ratio 
between the particulate filler and the resin binder in the 
film. 
[0031] 
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For example, when the weight ratio between the 
particulate filler and the resin binder is x:(l-x), the true 
volume Vt of the film corresponds to the sum of the true 
volume (xW/Df ) of the particulate filler and the true volume 

{(l-x)W/Dbl of the resin binder, 
[0032] 

In the case of using the conventional particulate 
filler as illustrated in FIG. 3, upon the dispersion treatment 
for preparing a slurry, the agglomerated particle 30 easily 
becomes separated into independent primary particles 31. 
Consequently, the porosity P of the resultant porous electron- 
insulating layer is usually a low value less than 45%, and it 
is difficult to form a porous electron-insulating layer with a 
higher porosity. Secondary batteries having such a low- 
porosity porous electron-insulating layer have insufficient 
high-rate charge/ discharge characteristics and low- temperature 
charge/discharge characteristics . 
[0033] 

On the other hand, in the case of using the 
indefinite- shape particles 10 each comprising a plurality of 
the primary particles 11 that are joined to one another, as 
illustrated in FIG. 1, the resultant porous electron- 
insulating layer can easily achieve a porosity P of 45% or 
more, or further, 50% or more. The achievement of such high 
porosities is not dependent on the material of the particulate 
filler. Therefore, as long as the shape, particle size 
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distribution, etc., of the indefinite -shape particles are 
essentially the same, the use of any of, for example, titanium 
oxide (titania), aluminum oxide (alumina), zirconium oxide 
(zirconia), and tungsten oxide results in achievement of 
essentially the same high porosities . 
[0034] 

In applying the present invention to lithium- ion 
secondary batteries, the maximum particle size of the primary 
particles is preferably 4 urn or less, and more preferably 
1 Mm or less. If the primary particles of an indefinite- shape 
particle are not clearly discernable, the thickest parts of 
the knots of the indefinite -shape particle can be regarded as 
the particle size of the primary particles. 

If the primary particle size exceeds 4 Mm, it may 
become difficult to ensure the porosity of the resultant 
porous electron-insulating layer or to bend the electrode 
plate . 
[0035] 

The maximum particle size of the primary particles 
can be determined, for example, by measuring the particle 
sizes of at least 1000 primary particles in an SEM photo or a 
transmission electron microscope (TEM) photo of indefinite - 
shape particles and obtaining their maximum value. Also, when 
indefinite- shape particles are produced by subjecting primary 
particles to a heat -treatment to partially melt them for 
bonding, the maximum particle size of the raw material primary 
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particles can be regarded as the maximum particle size of the 
primary particles constituting the indefinite-shape particles. 
This is because such a heat treatment just for promoting the 
diffusion bonding of the primary particles hardly changes the 
particle size of the primary particles. The maximum particle 
size of the raw material primary particles can be measured, 
for example, by a wet laser particle size distribution 
analyzer available from Microtrack Inc. 
[0036] 

In measuring the particle size distribution of raw 
material primary particles of indefinite -shape particles by a 
wet laser particle size distribution analyzer or the like, the 
volume-basis 99% value (D 99 ) of the primary particles can be 
regarded as the maximum particle size of the primary particles. 
[0037] 

The mean particle size of the primary particles can 
also be measured in the above manner. That is, for example, 
using an SEM photo or a transmission electron microscope (TEM) 
photo of indefinite -shape particles, the particle sizes of at 
least 1000 primary particles are measured, and then their 
average value is obtained. Alternatively, the particle size 
distribution of raw material primary particles of indefinite- 
shape particles is measured by a wet laser particle size 
distribution analyzer or the like, and the volume basis 50% 
value (median value: D 50 ) of the primary particles can be 
regarded as the mean particle size of the primary particles. 
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[0038] 

The mean particle size of the indefinite- shape 
particles is desirably twice or more than twice the mean 
particle size of the primary particles (preferably 0.05 Aim to 
1 um) and not more than 10 Mm. Also, from the viewpoint of 
obtaining a stable porous electron-insulating layer that is 
capable of maintaining a high porosity over a long period of 
time, the mean particle size of the indefinite- shape particles 
is more preferably three times or more than three times the 
mean particle size of the primary particles and not more than 
5 um. 
[0039] 

The mean particle size of the indefinite- shape 
particles can be measured, for example, by a wet laser 
particle size distribution analyzer available from Microtrack 
Inc. In this case, the volume basis 50% value (median value: 
D 5 o) of indefinite- shape particles can be regarded as the mean 
particle size of the indefinite-shape particles. If the mean 
particle size of the indefinite- shape particles is less than 
twice the mean particle size of the primary particles, the 
resultant porous electron -insulating layer may have a closely 
packed structure. If it exceeds 10 Mm, the porosity of the 
resultant porous electron -insulating layer becomes excessively 
high (e.g., more than 80%), so that its structure may become 
brittle. 
[0040] 
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In the case of lithium- ion secondary batteries, the 
thickness of the porous electron- insulating layer is not to be 
particularly limited; however, for example, it is desirably 
20 Mm or less. The raw material slurry for the porous 
electron-insulating layer is applied onto an electrode surface 
by a die nozzle method, a blade method, or the like. In 
applying the raw material slurry for the porous electron - 
insulating layer onto an electrode surface, if the mean 
particle size of the indefinite- shape particles is large, 
large particles are likely to be caught, for example, in the 
gap between the electrode surface and the blade tip, so that 
the resultant film may be streaked, thereby resulting in a 
decrease in production yields. Therefore, in terms of 
production yields, also, the mean particle size of the 
indefinite- shape particles is desirably 10 Mm or less. 
[0041] 

In the present invention, primary particles of a 
metal oxide are preferably used to produce indefinite- shape 
particles. Exemplary metal oxides forming the particulate 
filler include titanium oxide, aluminum oxide, zirconium oxide, 
tungsten oxide, zinc oxide, magnesium oxide, and silicon oxide. 
They may be used singly or in combination with two or more of 
them. Among them, particularly in terms of chemical stability, 
aluminum oxide (alumina) is preferable, and a -alumina is 
particularly preferable. 
[0042] 
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The particulate filler can contain resin fine 
particles. Since resin fine particles have a specific gravity 
of approximately 1.1 and are therefore much more lightweight 
than metal oxides having a specific gravity of around 4, they 
are effective in reducing the weight of secondary batteries. 
As the resin fine particles, for example, polyethylene fine 
particles can be used. 

However, the use of resin fine particles increases 
production costs. Hence, in terms of production costs, it is 
desired to use a metal oxide alone, or, in the case of using 
resin fine particles, to make the ratio of the resin fine 
particles to the whole particulate filler 50% or less by 
weight . 
[0043] 

The material constituting the resin binder contained 
in the porous electron- insulating layer is not to be 
particularly limited, and examples include polyacrylic acid 
derivatives , polyvinylidene fluoride ( PVDF ) , polyethylene , 
styrene -butadiene rubber, polytetraf luoroethylene (PTFE), and 
tetraf luoroethylene-heixaf luoropropylene copolymer (FEP) . They 
may be used singly or in combination with two or more of them. 
[0044] 

Alkaline storage batteries and lithium- ion secondary 
batteries predominantly use an electrode group obtained by 
winding a positive electrode and a negative electrode. 
However, in order to form such an electrode group having a 
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wound structure, the porous electron -insulating layer to be 
adhered to the electrode surface needs to be flexible. From 
the viewpoint of imparting such flexibility to the porous 
electron -insulating layer, it is desirable to use a 
polyacrylic acid derivative as the resin binder. 
[0045] 

In the porous electron- insulating layer, the ratio 
of the resin binder to the total of the particulate filler and 
the resin binder is preferably 1 to 10% by weight, and more 
preferably 2 to 4 % by weight. 
[0046] 

In applying the present invention to lithium- ion 
secondary batteries, it is preferred that the positive 
electrode comprise a composite lithium oxide, that the 
negative electrode comprise a material capable of charging and 
discharging lithium, and that the electrolyte comprise a non- 
aqueous electrolyte including a non- aqueous solvent and a 
lithium salt dissolved therein. 
[0047] 

As the composite lithium oxide, for example, a 
lithium- containing transition metal oxide, such as lithium 
cobaltate, lithium nickelate, or lithium manganate, is 
preferably used. Also, a modified lithium- containing 
transition metal oxide in which a part of the transition metal 
is replaced with another element is preferably used. For 
example, the cobalt of lithium cobaltate is preferably 
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replaced with an element such as aluminum or magnesium, and 
the nickel of lithium cobalt ate is preferably replaced with 
cobalt. Such composite lithium oxides may be used alone or in 
combination with two or more of them. 
[0048] 

Exemplary negative electrode materials capable of 
charging and discharging lithium include various natural 
graphites, various artificial graphites, silicon composite 
materials, and various alloy materials. These materials may 
be used singly or in combination with two or more of them. 
[0049] 

With respect to the non-aqueous solvent, there is no 
particular limitation, and examples include carbonic acid 
esters such as ethylene carbonate (EC), propylene carbonate 
(PC), dimethyl carbonate (DMC) , diethyl carbonate (DEC), and 
ethyl methyl carbonate (EMC); carboxylic acid esters such as 
7 -butyrolactone, 7 - valerolactone , methyl formate, methyl 
acetate, and methyl propionate; and ethers such as dimethyl 
ether, diethyl ether, and tetrahydrof uran . Such non-aqueous 
solvents may be used singly or in combination with two or more 
of them. Among them, particularly carbonic acid esters are 
preferably used. 
[0050] 

With respect to the lithium salt, there is no 
particular limitation, and for example, LiPF 6 , LiBF 4 , or the 
like is preferably used. They may be used singly or in 
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combination with two or more of them. 
[0051] 

In order to ensure stability upon overcharge, it is 
preferred to add to the non-aqueous electrolyte a small amount 
of an additive that forms a satisfactory film on the positive 
electrode and/ or the negative electrode, for example, vinylene 
carbonate (VC) , vinyl ethylene carbonate (VEC), cyclohexyl 
benzene (CHB), or the like. 
[0052] 

The secondary battery of the present invention can 
further include a separator independent of the positive 
electrode and the negative electrode, in addition to the 
porous electron -insulating layer. As the separator, a 
conventional separator sheet such as a polyolefin micro-porous 
film can be used without any particular limitation. In the 
case of not using a conventional separator sheet, the porous 
electron -insulating layer performs the function of the 
separator. In this case, secondary batteries can be provided 
at low costs. 
[0053] 

In the case of not using a conventional separator 
sheet in lithium-ion secondary batteries, the thickness of the 
porous electron -insulating layer is preferably 1 to 20 m. 
Also, when using a conventional separator sheet (preferable 
thickness: 5 to 20 urn) in addition to the porous electron- 
insulating layer, the thickness of the porous electron- 
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insulating layer is preferably 1 to 15 um. 
[0054] 

The separator sheet needs to be composed of a 
material that is resistant to the environment inside the 
secondary battery. Typically, a micro-porous film made of a 
polyolefin resin, such as polyethylene or polypropylene, is 
used. The use of a separator sheet makes a short-circuit 
unlikely to occur, thereby resulting in improvements in safety 
and reliability of the secondary battery. 
[0055] 

The present invention is hereinafter described by 
way of examples, regarding the production of a lithium- ion 
secondary battery using a particulate filler comprising 
aluminum oxide. These examples, however, are merely examples 
of the secondary battery of the present invention and are not 
to be construed as limiting in any way the present invention. 

Example 1 
[0056] 

(i) Preparation of particulate filler comprising indefinite- 
shape particles 

(a) Primary particles of aluminum oxide (alumina) 
with a mean particle size of 0.1 Mm, which were the raw 
material of indefinite- shape particles, were heated at a 
temperature of llOOt: in air for 20 minutes, to produce 
indefinite- shape particles each comprising a plurality of 
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primary particles joined to one another. The size of the 
resultant indefinite- shape particles was adjusted by using 15- 
mm- diameter alumina balls and a wet ball mill, to produce a 
particulate filler Al with a mean particle size of 0.5 /xm. 
[0057] 

(b) Primary particles of titanium oxide (titania) 
with a mean particle size of 0.2 £tm, which were the raw 
material of indefinite- shape particles, were heated at a 
temperature of 800^ in air for 20 minutes, to produce 
indefinite -shape particles each comprising a plurality of 
primary particles joined to one another. The size of the 
resultant indefinite-shape particles was adjusted in the same 
manner as the particulate filler Al, to produce a particulate 
filler A2 with a mean particle size of 0.5 Mm. 

[0058] 

(c) Primary particles of aluminum oxide (alumina) 
with a mean particle size of 0.5 p,m were used as a particulate 
filler Bl as they were. 

[0059] 

(d) A mechanical shearing force was applied onto 
primary particles of aluminum oxide (alumina) with a mean 
particle size of 0.1 Jim by a vibration mill equipped with a 
40 -mm- diameter alumina bar, to produce a particulate filler B2 
comprising agglomerated particles with a mean particle size of 
0.5 Mm. 

[0060] 
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(e) Primary particles of aluminum oxide (alumina) 
with a mean particle size of 0.1 Mm were mixed with 4% by 
weight of polyvinylidene fluoride (PVDF), to produce a 
particulate filler B3 comprising agglomerated particles with a 
mean particle size of 0.5 Aim. 
[0061] 

(ii) Preparation of raw material slurry for porous electron - 
insulating layer 

(a) 100 parts by weight of the particulate filler Al, 
4 parts by weight of a polyacrylic acid derivative (the solid 
content of BM720H available from Zeon Corporation) (resin 
binder), and a suitable amount of N-methyl-2-pyrrolidone 
(liquid component) were mixed together with a stirring device, 
to form a mixture having a nonvolatile component content of 
60% by weight. This mixture was placed into a bead mill with 
an internal volume of 0.6 L, together with 3 -mm- diameter 
zirconia beads in an amount corresponding to 80% by volume of 
the internal volume. By operating the bead mill, the 
particulate filler Al was evenly dispersed in the liquid 
component , to form a slurry Al . 
[0062] 

(b) Slurries A2, Bl, B2 and B3 were prepared in the 
same manner as the slurry Al, except for the use of the 
particulate fillers A2, Bl, B2 and B3, respectively, instead 
of the particulate filler Al. 
[0063] 
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(iii) Porosity of porous electron-insulating layer 

(a) The slurry Al was applied onto a metal foil 
with a doctor blade such that the resultant film (porous 
electron -insulating layer Al) had a thickness of approximately 
20 urn when dried. The apparent volume Va of this film was 
obtained from the thickness (T) of the film and the upper 
surface area (S) of the film, and further, the true volume 
(Vt) of the film was calculated from the weight (W) of the 
film, the true density (Df ) of the particulate filler, the 
true density (Db) of the resin binder, and the weight ratio 
between the particulate filler and the resin binder in the 
film. 

[0064] 

The porosity (P) of the film was obtained from the 
calculation formula: P(%)= {lOOX (Va-Vt ) } /Va, and it was 60%. 
Also, the film, i.e., the upper surface of the porous 
electron -insulating layer Al was observed through an SEM, and 
an SEM photo as shown in FIG. 2 was taken. FIG. 2 reveals 
that large pores are formed in the porous electron- insulating 
layer Al that is filled with indefinite -shape particles 
comprising a plurality of primary particles joined to one 
another . 
[0065] 

(b) Porous electron- insulating layers A2, Bl, B2 and 
B3 were formed by using the slurries A2, Bl, B2 and B3, 
respectively, instead of the slurry Al, and their porosities 
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were determined. The porosities of the porous electron- 
insulating layers A2, Bl, B2 and B3 were 58%, 44%, 45% and 44%, 
respectively. Also, the upper surface of the porous electron- 
insulating layer Bl was observed through an SEM, and an SEM 
photo as shown in FIG. 4 was taken. FIG. 4 reveals that the 
porous electron-insulating layer Bl is filled with independent 
primary particles at a high density and that large pores are 
not formed therein. 

Table 1 shows the results. 



[0066] 
[Table 1] 



Porous 
electron - 
insulating 

layer 


Particulate filler 


Primary 
particle 
size 
( Mm) 


Secondary 
particle 
size * 
(Mm) 


Porosity 
(%) 


Al 


Almina dendrite 
particles 


0.1 


0.5 


60 


A2 


Titania dendrite 
particles 


0.1 


0.5 


58 


Bl 


Alumina primary 
particles 


0.5 




44 


B2 


Alumina agglomerated 
particles ( shearing 
force) 


0.1 


0.5 


45 


B3 


Alumina agglomerated 
particles ( addition 
of PVDF) 


0.1 


0.5 


44 



* Secondary particles: dendrite particles or agglomerated particles 



[0067] 

The above results clearly indicate that the porous 
electron -insulating layers using the particulate fillers 
comprising indefinite -shape particles clearly have higher 
porosities than those using the particulate fillers comprising 



28 



independent primary particles or agglomerated particles. They 
also indicate that the degree of porosity is hardly influenced 
by the material constituting the particulate filler (kind of 
oxides ) . 
[0068] 

An SEM photo has confirmed that in the case of using 
the particulate filler B2 comprising the primary particles 
that were agglomerated by the application of the mechanical 
shearing force with the vibration mill, the porosity of the 
porous electron- insulating layer is low and that the 
agglomerated particles became disintegrated into primary 
particles in the porous electron-insulating layer B2. Also, 
an SEM photo has confirmed that in the case of the particulate 
filler B3 comprising the primary particles that were 
agglomerated by the addition of PVDF, the agglomerated 
particles also became disintegrated into primary particles in 
the porous electron-insulating layer B3. The reason is 
probably that upon the preparation of the slurry, the 
agglomerated particles are subjected to the shearing force in 
the bead mill. 
[0069] 

On the other hand, it can be understood that even if 
the indefinite -shape particles are subjected to the shearing 
force in the bead mill, they can substantially maintain their 
shapes without causing the primary particles to get separated, 
and that for this reason the high porosities were achieved. 
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[0070] 

(iv) Production of lithium-ion secondary battery 

Using the slurries Al, A2 and Bl, lithium- ion 
secondary batteries with a porous electron-insulating layer 
adhered to each side of the negative electrode were produced, 
and their charge /discharge characteristics were evaluated. 
[0071] 

(Negative electrode production) 

3 kg of artificial graphite (negative electrode 
active material) , 75 g of rubber particles composed of a 
styrene -butadiene copolymer (negative electrode binder), 30 g 
of carboxymethyl cellulose (CMC: thickener), and a suitable 
amount of water were stirred by a double-arm kneader, to form 
a negative electrode mixture paste. This paste was applied 
onto both sides of a 10- unci thick copper foil and then dried, 
to produce a negative electrode sheet. This negative 
electrode sheet was rolled such that the total thickness was 
180 tint and the active material layer density was 1.4 g/cm 3 . 
[0072] 

(Positive electrode production) 

3 kg of lithium cobalt ate (LiCo0 2 : positive 
electrode active material), 120 g of PVDF (positive electrode 
binder) , 90 g of acetylene black (positive electrode 
conductive agent), and a suitable amount of N-methyl-2- 
pyrrolidone (NMP) were stirred by a double -arm kneader, to 
produce a positive electrode mixture paste. This paste was 
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applied onto both sides of a 15- urn thick aluminum foil and 
then dried, to form a positive electrode sheet. This positive 
electrode sheet was rolled such that the total thickness was 
160 urn and the active material layer density was 3.3 g/cm 3 . 
[0073] 

(Battery assembly) 

The slurry Al was applied onto both sides of the 
rolled negative electrode sheet and then dried, to form 5- Mm 
thick porous electron -insulating layers. Thereafter, the 
negative electrode sheet with the porous electron- insulating 
layers adhered to both sides thereof was cut into a 
predetermined width such that it could be inserted into a 
cylindrical battery can of size 18650, to produce a negative 
electrode of predetermined size. Also, the rolled positive 
electrode sheet was cut into a predetermined width such that 
it could be inserted into a cylindrical battery can of size 
18650, to produce a positive electrode of predetermined size. 
[0074] 

The positive electrode and the negative electrode 
with the porous electron-insulating layers adhered to both 
sides thereof were wound with a 15- um thick separator sheet 
made of polyethylene resin interposed therebetween, to form an 
electrode group. This electrode group was inserted into the 
cylindrical battery can of size 18650, and 5 g of a non- 
aqueous electrolyte was injected therein. 
[0075] 
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The non- aqueous electrolyte used was prepared by 
dissolving LiPF 6 at a concentration of 1 mol/L in a solvent 
mixture of ethylene carbonate, dimethyl carbonate, and ethyl 
methyl carbonate in a volume ratio of 2:3:3 and further 
dissolving 3% by weight of vinylene carbonate. 
[0076] 

Thereafter, the battery can was sealed, to complete 
a lithium-ion secondary battery Al with a design capacity of 
2000 mAh. Also, lithium-ion secondary batteries A2 and Bl 
were produced in the same manner as the battery Al, except for 
the use of the slurries A2 and Bl, respectively, instead of 
the slurry Al. 
[0077] 

(v) Battery evaluation 

The lithium- ion secondary batteries Al, A2 and Bl 
thus produced were subjected to a preliminary charge/discharge 
twice and stored in a 45*C environment for 7 days. Thereafter, 
they were charged and discharged in a 20t environment in the 
following conditions. 
[0078] 

(1) Constant current discharge: 400 mA (cut-off voltage 3 V) 

(2) Constant current charge: 1400 mA (cut-off voltage 4.2 V) 

(3) Constant voltage charge: 4.2 V (cut-off current 100 mA) 

(4) Constant current discharge: 400 mA (cut-off voltage 3 V) 

(5) Constant current charge: 1400 mA (cut-off voltage 4.2 V) 

(6) Constant voltage charge: 4.2 V (cut-off current 100 mA) 
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[0079] 

After the above-mentioned charges and discharges, 
the respective batteries were allowed to stand for 3 hours. 
Thereafter, they were charged and discharged in a 0t 
environment as follows. 

(7) Constant current discharge: 4000 mA (cut-off voltage 3 V) 

The discharge capacities obtained were designated as 
0^-20 discharge characteristics. Table 2 shows the 0*C-2C 
discharge characteristics of the respective batteries. 
[0080] 
[Table 2] 



Slurry 


Particulate filler 


0 < C-2C discharge 
characteristics (mAh) 


Al 


Alumina dendrite 
particles 


1820 


A2 


Tltania dendrite 
particles 


1780 


Bl 


Alumina primary 
particles 


1590 



[0081] 

The above results indicate that the batteries with 
the high-porosity porous electron -insulating layers exhibit 
excellent low- temperature discharge characteristics. On the 
other hand, the battery with the low-porosity porous electron- 
insulating layers having no indefinite- shape particles 
exhibits a significant decrease in low- temperature discharge 
characteristics . 



Example 2 
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[0082] 

The slurry prepared is subjected to a step of 
refinement by a filter and the like before being used for 
forming a porous electron- insulating layer. Thus, in order to 
stabilize the physical properties of the porous electron- 
insulating layer, it is desired that the sedimentation of the 
particulate filler hardly proceeds for several days after the 
preparation of the slurry. The present inventors have found 
that the degree of sedimentation is dependent on the mean 
particle size of primary particles of a particulate filler. 
Hence, this example explains the relationship between the mean 
particle size of primary particles of a particulate filler and 
the degree of sedimentation. 
[0083] 

Indefinite- shape particles comprising a plurality of 
primary particles joined to one another were produced in the 
same manner as the particulate filler Al of Example 1, except 
that the mean particle size of primary particles of aluminum 
oxide as the raw material of the indefinite- shape particles 
was changed from 0.1 Aim to 0.01 Mm, 0.05 Mm, 0.3 Mm, 0.5 Mm, 1 
Mm, 2Mm, 3Mmor4Mm. The size of the resultant indefinite - 
shape particles was adjusted to produce particulate fillers CI, 
C2, C3, C4, C5, C6, C7 and C8 with mean particle sizes of 0.03 
Mm, 0.16 Mm, 0.8 Mm, 1.3 Mm, 
2.5 Mm, 6 Mm, 8 Mm and 10 Mm, respectively. 
[0084] 
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Slurries CI, C2, C3, C4, C5, C6, C7 and C8 were 
prepared in the same manner as the slurry Al, except for the 
use of the particulate fillers CI, C2, C3, C4, C5, C6, C7 and 
C8, respectively, instead of the particulate filler Al. The 
resultant slurries were allowed to stand in a 25*C environment, 
and the degree of sedimentation was visually observed every 
day. 
[0085] 

As a result, in the slurries CI to C5 having the 
mean particle sizes of primary particles of 0.01 to 1 Mm, 
little sedimentation of the particulate filler was found after 
4 days or more. On the other hand, in the slurries C6 to C8 
having the mean particle sizes of primary particles of 1 Mm or 
more, sedimentation of the particulate filler was observed 
within 1 day. 
[0086] 

The particle size distributions of the primary 
particles used as the raw materials of the particulate fillers 
CI to C5 were measured, and their maximum particle sizes (D 99 ) 
were all found to be 3 Mm or less. On the other hand, the 
particle size distributions of the primary particles used as 
the raw materials of the particulate fillers C6 to C8 were 
measured, and their maximum particle sizes (D99) were all found 
to be larger than 3 Mm. 
[0087] 

Lithium-ion secondary batteries CI to C5 were 
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produced in the same manner as in the Example 1, except for 
the use of the slurries CI to C5 # respectively, and their 0*C- 
2C discharge characteristics were evaluated. As a result, 
they were all found to be 1750 mAh or more, being 
significantly better them the battery Bl. 

Example 3 
[0088] 

Indefinite- shape particles comprising a plurality of 
primary particles joined to one another were produced in the 
same manner as the particulate filler Al of Example 1, except 
that the mean particle size of primary particles of aluminum 
oxide used as the raw material of the indefinite -shape 
particles was changed from 0.1 urn to 0.2 Mm. However, the 
size of the indefinite- shape particles was varied, to produce 
particulate fillers Dl, D2, D3, D4, D5, D6, D7, D8, D9 and D10 
with mean particle sizes of 0.3 Mm, 0.4 Mm, 0.5 Mm, 0.7 Mm, 
1.2 Mm, 3 Mm, 8 Mm, 10 Mm, 12 Mm and 15 Mm, respectively. 
[0089] 

The size of the indefinite- shape particles was 
adjusted by using a wet ball mill equipped with 3-mm-diameter 
alumina balls occupying 30% of the internal volume. The mean 
particle size of the indefinite -shape particles was varied by 
varying the operation time of the ball mill. 
[0090] 

Slurries Dl, D2, D3, D4, D5, D6, D7, D8 , D9 and D10 
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were prepared in the same manner as the slurry Al, except for 
the use of the particulate fillers Dl, D2, D3, D4, D5, D6, D7, 
D8, D9 and D10, respectively, instead of the particulate 
filler Al. 
[0091] 

Each slurry was applied onto a metal foil with a 
common blade coater. The intended thickness of the film was 
20 um. As a result, the slurries Dl to D8, in which the mean 
particle sizes of the indefinite- shape particles were 10 nm or 
less, resulted in films having a smooth surface. On the other 
hand, in the case of using the slurries D9 and D10, in which 
the mean particle sizes of the indefinite -shape particles were 
larger than 10 /zm, the surfaces of the resultant films were 
streaked with a high frequency , thereby leading to a large 
decline in production yields. 
[0092] 

Next, lithium-ion secondary batteries Dl to D8 were 
produced in the same manner as in Example 1, except for the 
use of the slurries Dl to D8, respectively, and their 0t-2C 
discharge characteristics were evaluated. As a result, they 
were all found to be 1750 mAh or more, being significantly 
superior to the battery Bl. 

Also, with respect to the 0*0-20 discharge 
characteristics, the results of the batteries D2 to D5 were 
particularly good, and the results of the batteries D3 and D4 
were more particularly good. Accordingly, the mean particle 
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size of the indefinite- shape particles is preferably about 2 
to 6 times the mean particle size of the primary particles, 
and most preferably about 2.5 to 3.5 times . 

Example 4 
[0093] 

The most common structure of the electrode group of 
secondary batteries is a structure of winding a positive 
electrode and a negative electrode with a separator sheet 
therebetween. Thus, if the porous electron- insulating layer 
is hard, the porous electron-insulating layer may become 
cracked or separated from the electrode surface. Hence, this 
example describes the case where the flexibility of the porous 
electron- insulating layer is changed. 
[0094] 

A slurry El was prepared in the same manner as the 
slurry Al of Example 1, except for the use of polyvinylidene 
fluoride (PVDF) instead of the polyacrylic acid derivative. 
Using this slurry, 500 batteries were produced in the same 
manner as the battery Al of Example 1. Also, 500 batteries Al 
of Example 1 were produced. 
[0095] 

The inter -terminal voltages of the respective 
batteries were measured to check the presence or absence of an 
internal short-circuit. As a result, the short-circuit 
incidence of the batteries El was 10%, which was high, but the 
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short-circuit incidence of the batteries Al was 0.4%. The 
short-circuit incidence of conventional lithium- ion secondary 
batteries is 0.5% or less. The short-circuited batteries El 
were disassembled, and the states of their porous electron- 
insulating layers containing PVDF as the resin binder were 
observed. As a result, many cracks were found, and cracking 
particularly near the center of the electrode group was 
remarkable . 
[0096] 

On the other hand, the batteries Al were 
disassembled, and the states of their porous electron- 
insulating layers containing the polyacrylic acid derivative 
as the resin binder were observed. As a result, no cracking 
was found. The above results indicate that while PVDF yields 
relatively hard porous electron -insulating layers, the 
polyacrylic acid derivative yields highly flexible porous 
electron -insulating layers. 

Example 5 
[0097] 

A battery Fl was produced in the same manner as the 
battery Al of Example 1, except that the thickness of the 
porous electron -insulating layer on each side of the negative 
electrode was changed from 5 /im to 20 Mm and that the 
polyethylene resin separator sheet was not used. 
[0098] 
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The 0t:-2C discharge characteristics of the battery 
Fl were evaluated, and it was found that 1750 mAh was achieved. 
This confirmed that the battery Fl had excellent low- 
temperature discharge characteristics equivalent to those of 
battery Al. It should be noted that the battery Fl does not 
need a conventional expensive separator sheet, thereby making 
the production cost low, which holds great industrial promise. 

Industrial applicability 
[0099] 

The present invention is applicable to various 
secondary batteries including lithium ion secondary batteries, 
and is particularly effective in lithium ion secondary 
batteries that require both high low- temperature discharge 
characteristics and high-rate discharge characteristics as 
well as high safety. Since lithium ion secondary batteries 
have a large market, the present invention can play a 
significant role in improving product performance and safety. 



